The objective of this research program is to develop a nondestructive visualization methodology to characterize hard alpha [1] in titanium billets. Hard alpha is a low density, hard, brittle, stabilized alpha-phase region (inclusion) with high nitrogen and oxygen content in a titanium alloy. Hard alpha is often voided and cracked. The methodology will provide the ability to characterize the shape, size, orientation and composition (voiding, cracking, nitrogen content) of the hard-alpha inclusion so that these characteristics can be used as key input data for a flaw deformation model. This deformation model, in turn, will be used to determine:
APPROACH
Several techniques were developed to visualize the hard-alpha inclusion(s) and to characterize its' morphology in the titanium billet sample, which was found to contain a hard-alpha inclusion. Each of these techniques is described in the following paragraphs.
• Ultrasonic tomography • Amplitude and time-of-flight (TOF) tomography • 3D Synthetic Aperture Focusing Technique (SAFT) tomography • CT X-ray 3D model • CT X-ray metrology • 3D digital metallography.
Ultrasonic Tomography
Using conventional focused transducers at 25 MHz, pulse-echo amplitude, timeof-flight (TOF) and A-scan waveforms were acquired over the entire sample (block) containing the hard-alpha inclusion. Figure I shows the amplitude and TOF images seen from the four sides of the block with a pixel size of 10 mils. Using the amplitude and TOF data, a 3D projected view of the hard-alpha indication (shown in figure 2 ) was created.
To enhance the details of the hard-alpha indication, 3D ultrasonic SAFT [2] was performed using the A-scan waveforms of the hard-alpha (shown in figure 3 ). The SAFT reconstruction proved to be slower than the amplitude and TOF tomography technique but it provides more details of the hard-alpha region. The ultrasonic reconstructed images clearly show the voiding, cracking and the density variations within the hard-alpha and the titanium block. In order to attain accurate measurements and to validate the ultrasonic tomography reconstruction, conventional high resolution CT images of the entire block of material containing the hard-alpha were acquired, using a voxel size of 5 mils. The CT slices were visualized using a 3D image modeling software [3] to edit the volume and to manipUlate it in computer memory in real-time (shown in figure 4) . The 3D CT X-ray modeling showed that voiding and cracking in the sample are clearly visible, while hardalpha (small change in density) is marginally detected.
Comparing the 3D views of the ultrasonic and CT X-ray models of the hardalpha, it is clear that both the tools provide complementary data to characterize the hardalpha. Ultrasonic tomographic techniques are capable of detecting small changes in density and acoustic impedance along with cracking and voiding, while CT X-ray is more sensitive to cracking and voiding and provides better imaging resolution. 422 Figure 4. Two views of the CT X-ray model of the hard-alpha in 3D, clearly shows voiding and cracking in the sample.
In order to precisely locate the hard-alpha indication within the sample with respect to the outside surface of the block, CT X-ray data was used to make dimensional measurements [3] . This tool is capable of nondestructively locating the orientation and size and can provide the required data for deformation models and for metallography analyses. Figure 5 shows the orientation of the hard-alpha in two different directions. Orientation data from the CT X-ray metrology was then used to precisely section the block for metallography analyses, which was performed to understand the morphology, composition and crystallographic orientation of the hard-alpha in multiple sections. Digital images of the polished sections of the hard-alpha (shown in figure 6 ) will be combined digitally in the future to make a 3D model of the hard-alpha. 
3D Digital Metallography
Detailed metallography analyses is currently being performed on the hard-alpha sample and the resulting cross-sectional images will be digitally recorded using a digital camera. Using these digital images the hard-alpha will be reconstructed in 3D to reveal the morphology of the hard-alpha inclusion. This process will aid comparison of the ultrasonic tomography data with that of the 3D metallography model. Figure 6 . Shows the two polished metallographs of the hard-alpha taken along the long axis of the hard-alpha at 5 mils spacing.
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CONCLUSION
An unique opportunity exists in predicting the life of rotating components and in determining the probability of detecting hard-alpha indications in titanium forging. Tools to nondestructively model hard-alpha in titanium billets and tools to make precise nondestructive measurements were developed and evaluated. The benefits of multimodality imaging and analyses in visualizing the hard-alpha morphology has been successfully demonstrated.
